Abstract. The conceptual design activities for the DEMOnstration reactor (DEMO) -the prototype fusion power plant -are conducted in Europe by the EUROfusion Consortium. In 2015, three design concepts of the DEMO toroidal fi eld (TF) coil were proposed by Swiss Plasma Center (EPFL-SPC, PSI Villigen), Italian National Agency for New Technologies (ENEA Frascati), and Atomic Energy and Alternative Energies Commission (CEA Cadarache). The proposed conductor designs were subjected to complete mechanical, electromagnetic, and thermal-hydraulic analyses. The present study is focused on the thermal-hydraulic analysis of the candidate conductor designs using simplifi ed models. It includes (a) hydraulic analysis, (b) heat removal analysis, and (c) assessment of the maximum temperature and the maximum pressure in each conductor during quench. The performed analysis, aimed at verifi cation whether the proposed design concepts fulfi l the established acceptance criteria, provides the information for further improvements of the coil and conductors design.
Introduction
The International Thermonuclear Experimental Reactor (ITER) is designed to be the fi rst fusion reactor, which will reach the energy breakeven point, that is, generate more power than it uses to heat and confi ne plasma. The next step machine is the DEMOnstration reactor (DEMO). In contrast to ITER, which is a research-type tokamak, DEMO is planned to be the prototype fusion power plant, which will generate grid electricity at the level of a few hundred megawatts.
The basic elements of the magnet system of a tokamak are toroidal fi eld (TF) and poloidal fi eld (PF) coils, used to confi ne plasma, as well as the central solenoid (CS), inducing the heating current fl ow in a plasma ring. Owing to the very high requirements for operation (e.g. operating currents of several tens of kiloampere), all magnets in ITER, as well as those designed for DEMO, will be wound with superconducting cables. Superconducting magnet system is the most expensive part of a tokamak. DEMO should demonstrate the economic attractiveness of fusion power plants, so designers of the DEMO magnets have Thermal-hydraulic analysis of LTS cables for the DEMO TF coil using simplifi ed models* to reconcile the fulfi lment of very high requirements for operation and reliability with the cost reduction.
Since 2014, the magnet system project team under the lead of EUROfusion Consortium has carried out a broad range of design and assessment studies for DEMO [1] , including activities both on low T c superconductor (LTS) and high T c superconductor (HTS). The activities based on the fully established LTS technology were focused mainly on the dimensioning and designing of the TF coils, which could fulfi l the specifi c DEMO requirements, but initial studies of the CS system were also commenced. The parallel HTS research and development (R&D) activities included studies, testing, and development of various HTS cable concepts, such as Roebel assembled coated conductor (RACC), Rutherford cable with RACC strands, conductor on round core (CORC), and twisted stack cable [2, 3] , with the overall goal of selecting the most promising concepts for future fusion applications. Our present study that is focused on the thermal-hydraulic analysis of the most recent designs of the DEMO TF winding pack is within the range of LTS activities.
Conductors' characteristics
According to the present design, DEMO reactor will consist of sixteen TF coils with the major radius of torus of about 9 m. Three concepts of the DEMO TF winding pack, called WP#1, WP#2, and WP#3, were proposed in 2015 by Swiss Plasma Center (EPFL--SPC), Italian National Agency for New Technologies (ENEA), and Atomic Energy and Alternative Energies Commission (CEA), respectively, as the improved versions of the 2014 designs [1] . The 2015 design of the DEMO TF winding pack consists of (a) WP#1 (SPC design): six double layers (DLs) wound using fl at multistage cables with two--side equilateral triangle cooling channels and one rectangular cooling channel (Fig. 1a ) [4] , (b) WP#2 (ENEA design): six DLs wound using rectangular cable-in-conduit conductors (CICCs) with two spiral cooling channels (Fig. 1b ) [5] , (c) WP#3 (CEA design): eight double pancakes (DPs) wound using a square CICC with a central spiral cooling channel (Fig. 1c ) [6] . In the WP#3 design, only one type of the Nb 3 Sn conductor is used, whereas in WP#1 and WP#2, each DL has a different conductor grade. The inner DLs (four in WP#1 and fi ve in WP#2) located in the high magnetic fi eld are made of Nb 3 Sn, whereas the remaining outer DLs in the low fi eld region use NbTi. The WP#1 conductors, with several cooling channels of different shapes and the solid stabilizer, underwent a major change with respect to the previous designs, whereas the other concepts were subjected to some smaller modifi cations. The conductors' parameters essential for our analysis are compiled in Table 1 , where L is the length of the shorter cable in each DL (WP#1 and WP#2) or the cable length in each single pancake (WP#3),  is the bundle void fraction, A is the component cross section, D h is the hydraulic diameter, D in /D out is the inner/outer diameter of a spiral cooling channel, and B 0 is the maximum expected magnetic fl ux density at the nominal operating current I 0 equal to 63.3 kA (WP#1), 70.8 kA (WP#2), or 111.6 kA (WP#3). Indices B, Tr, and Rec refer to the bundle region, triangle channel, and rectangular channel, respectively; sc denotes superconductor; Cu1 is the copper in superconducting strands, with RRR = 100; and Cu2 is the copper in pure copper strands and in the solid stabilizer (WP#1), with RRR = 400, 450, and 300 in the WP#1, WP#2, and WP#3 design, respectively. The spiral used in the cooling channels of WP#2 has a strip width of 3.6 mm and open area of 40%, whereas the detailed geometry of the spiral in WP#3 has not been specifi ed yet.
Model assumptions
The thermal-hydraulic analysis of all the considered conductors was carried out according to the methodology developed in our earlier studies [7] [8] [9] of the 2012-2014 DEMO TF coil designs. It consisted of the following three stages: a) hydraulic analysis -calculation of the mass fl ow rates in each conductor at operating conditions during the dwell time, that is, assuming no heat deposition in conductors, based on the 1-D steady-state momentum balance equation for uncompressible fl ow, and using various friction factor correlations available in literature, b) heat removal analysis -calculation of the mass fl ow rates as well as the temperature and pressure profi les along each conductor as functions of the heat deposition rate, based on the 1-D steady-state energy and momentum conservation equations for compressible fl ow, aimed at the assessment of the temperature margin at the expected nuclear heat (NH) load, c) assessment of the maximum temperature and the maximum pressure in each conductor during quench, based on the transient 0-D energy conservation equation. The detail presentation of the simplifi ed models used in our analysis, including the governing equations, is included in [7] . The heat removal model was modifi ed to account for the increased number of cooling channels in the WP#1 and WP#2. The assumed cooling conditions for the DEMO TF coil are similar to those of ITER, that is, the coil is forced-fl ow cooled by supercritical helium at T in = 4.5 K and p in = 0.6 MPa, whereas the expected value of pressure drop at operating conditions is p = 0.1 MPa.
For predicting the friction factor, f, in the bundle regions, two porous medium analogy correlations were used: the one based on the Darcy-Forchheimer momentum balance equation (f DF ) taken from [10] , and the modifi ed one (f M ) [11] . For the turbulent fl ow in the cooling channels of WP#1, we used the Bhatti-Shah correlation for turbulent fl ow in circular or non-circular ducts (f BS ) [12] . For fl ows in the spiral cooling channels of WP#2, we used two friction factor correlations, f Zan1 and f Zan2 , taken from [13] and [14] , respectively. Owing to the lack of detailed specifi cation of the spiral geometry in WP#3, the friction factor in this channel (f spiral ) was calculated with the experimental correlation used in [9, 15] .
The expected NH load in each conductor was obtained by integrating, per given layer in layer--wound coil or per given turn in pancake-wound coil, the formula [9, 15] :
where  = 0.140 m is the decay length of the NH deposition and r is the radial distance from the inner side edge of the TF case. The resulting NH load in WP#1 and WP#2 is shown in Table 2 . In the layer--wound WP#1 and WP#2, NH is deposited evenly throughout each conductor; therefore, the heat deposition per unit length of conductor is constant, equal to P NH /L. In the pancake-wound WP#3, the NH load is different in different turns (see Fig. 2 ).
The simplifi ed quench model assumes the extreme scenario for the maximum pressure, that is, whole conductor in normal state and all channels of fl ow blocked. Actually, during a quench, most of the helium is expelled from a conductor, which results in pressure reduction, especially close to the conductor inlet and outlet. The assumed instanta- 
Results
The results of the hydraulic analysis are presented in Figs. 3 and 4 . It is seen that the mass fl ow rates in the bundle regions of WP#1 NbTi conductors (DL5-6) are about four times larger than those in the Nb 3 Sn conductors (DL1-4), because of much higher void fraction (see Table 1 ). Owing to the invariable geometry of side triangle channel in each layer, its mass fl ow rate is maintained at constant level. From all channels of fl ow in the WP#1 design, the rectangular channels play a signifi cant role in cooling, which provide the largest value of mass fl ow rates. There is no such strong differentiation of the mass fl ow in different channels of fl ow in the WP#2 and WP#3 conductors, where the mass fl ow rates in the bundle regions and the cooling channels are similar (see Fig. 3b ). The porous medium correlation based on the Darcy-Forchheimer momentum balance equation (f DF ) predicts mass fl ow rates about 15-23% smaller than the modifi ed one (f M ). The lower the void fraction, the larger is discrepancy between predictions of f DF and f M correlations. The predictive capability of different bundle friction factor correlations for conductors with very low void fraction (below 0.25) should be verifi ed experimentally. The mass fl ow rates predicted by f Zan1 correlation are of about 37% larger that those resulting from f Zan2 , which indicates a signifi cant uncertainty of mass fl ow rates in the cooling channels of the WP#2 design. Even larger uncertainty of the mass fl ow rate in the central channel of the WP#3 conductor can also be expected, because the geometry of the spiral in the WP#3 design has not been specifi ed yet, so the predictive capability of the f spiral correlation cannot be verifi ed. The most conservative pairs of the friction factor correlations, namely, f BS and f DF for the WP#1 design, f Zan1 and f DF for the WP#2, and f spiral and f DF for the WP#3, were chosen to be used in the heat removal analysis.
The total mass fl ow rate in the fi rst two DLs, subjected to the highest NH loads during the plasma burn, in the WP#2 design is much smaller than that in the WP#1 (see Fig. 4 ), which may indicate problems with ensuring suffi ciently large temperature margin in these DLs of WP#2. The total mass fl ow rate in the DEMO TF coil computed for each of the designs using different pairs of the friction factor correlations is presented in Table 3 . The total mass fl ow rate in the WP#3 coil is about two times larger than that in the WP#1 coil and about four times larger than that in the WP#2 coil. Such large differences deserve an attention of the designers. It should also be noted that the total mass fl ow rate in the WP#1 and 2 TF coil is over twice smaller than that in the respective 2014 designs [9] .
The main results of heat removal analysis performed for WP#1 and WP#2 concepts are presented in Table 2 . It is seen that the temperature margin, defi ned conservatively as T marg = T cs -T out where T cs is the current sharing temperature calculated in [4, 16] at the maximum expected magnetic fi eld B 0 , is too small, that is, below the T marg > 1.5 K criterion [1] , in most of the WP#1 (DL2-DL5) and WP#2 (DL1, DL2, DL6) conductors. These potentially problematic conductors require more detailed analysis of the temperature margin using the THEA [18] or 4C [19] code.
The temperature profi le along the WP#3 conductor, calculated at the NH map shown in Fig. 2 , is presented in Fig. 5 . In the WP#3 conductor, the most critical point, corresponding to the maximum magnetic fi eld in the fi rst turn, is located at x crit = 31.88 m. It is seen in Fig. 5 that the temperature margin, defi ned as T marg = T cs -T(x crit ), is suffi ciently large.
The calculated maximum temperature and pressure during quench in the WP#1-WP#3 conductors are presented in Fig. 6 . It is seen that the maximum quench temperatures resulting from the simplifi ed model are relatively low, that is, below the 150 K criterion specifi ed in [20] . They may serve as a reference (lower limit) for the maximum quench temperatures in case when quench happens simultaneously along the full conductor length. The maximum pressures calculated using the simplifi ed model may serve as a reference (upper limit) in case when quench happens simultaneously along the full conductor length. It deserves an attention that the maximum quench pressure and temperature in the WP#1 and WP#2 conductors are apparently higher than those in the 2012-2014 designs.
Summary and conclusions
The performed thermal-hydraulic analysis of the concepts of the LTS DEMO TF coil, proposed in 2015, shows the need of further improvements of the WP#1 and WP#2 designs. The heat removal capability of some WP#1 and WP#2 conductors seems insuffi cient to ensure the specifi ed temperature margin of 1.5 K in burn conditions. In particular, the design T cs values in the WP#1 DL2.1 and DL4.1 conductors are too low. They should not be smaller than 6.1 K, because the outlet He temperature even without heat deposition is 4.60 K because of the Joule-Thomson effect. Thus, increasing the superconductor cross section in the WP#1 DL2 and DL4 conductors seems indispensable. More detailed studies of all the potentially problematic cables using the THEA or 4C code are needed, to decide if increasing helium cross section in cooling channels is necessary to enhance their heat removal capability. The temperature margin in the WP#3 conductor is suffi ciently large.
The minimum total mass fl ow rate in the coil, in case when there is no heat deposition, was assessed to be 107, 43, and 200 g/s for the WP#1, WP#2, and WP#3 design, respectively. These values provide a reference point for designers of the DEMO cryogenic system.
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